INTRODUCTION 44
Worms were grown on solid agar nematode growth media (NGM) plates at 20°C on OP50 E. Sequences of Twinkle homologs for alignment and modeling were retrieved from UniProt 159 database. Multiple sequence alignment was done using Promals3D server 160 (http://prodata.swmed.edu/promals3d/). 3D homology models for C-terminal helicase domain of 161 human and C. elegans TWINKLE proteins were done in Swiss-Model server using alignment 162 mode. Structural analysis, protein superimposition and figure preparation were done using 163 Discovery Studio v3.5 (BioVia) software. 164 165
Brood Size Assay 166
Brood size assay performed as described (Chase and Koelle, 2004 ) with some modifications. 167
Briefly, animals were grown on RNAi from hatch. 10 L4 animals per condition were moved to 168 individual plates, and then moved again every 12 hours. When animals were removed from 169 plates, plates were put at 4° C so eggs would not hatch, and then eggs were counted. Experiment 170 was done in two biological repeats. Statistical significance was calculated using a one-tailed t-171 test. 172 173
Motility Assay 174
Motility assay was performed as described (Nawa et al., 2012) with some modifications. Briefly, 175 worms were synchronized by timed egg lay, and grown on RNAi bacteria from hatch. Worms 176 were picked at random from a plate into 50 uL of M9 on an empty plate, and 25 seconds of video 177 was captured immediately. Body bends were counted by eye for each worm; N≥9 178 worms/strain/experiment were counted. Experiment was done in three biological repeats.
179
Statistical significance was calculated using a two-tailed t-test. 180
181
Oxygen Consumption Rate Measurement 182
Oxygen consumption rate of whole worms was measured as described (Lin et al., 2016) were used as housekeeping genes; forward primer 5'-GAT CCT CCA TTG GAT GCT TG-3' 256 reverse primer 5'-CGG AAG TTT GAT GCC ATT TT-3' were used to detect twnk-1. Next, we focused on the functional C-terminal helicase domain. We observed similarities in the 299 amino acid sequence across species in key regions. Overall, the degree of amino acid sequence 300 similarity to the human homolog in twnk-1 (36% identity) is comparable to that of polg-1 (37% 301 identity), which is functionally conserved (Tsang and Lemire, 2002; Bratic et al., 2009; Bratic, 302 Hench and Trifunovic, 2010). Our sequence analyses identified no other putative Twinkle 303 homologs or pseudogenes in C. elegans. To further examine whether sequence differences would 304 affect the function of the protein, we used in silico modeling of the helicase domain to predict its 305 structure. This analysis indicated that the 27 AA insertion is in the first DNA binding loop, likely 306 at the surface where subunits interact ( Fig 1C) . Despite possible disruptions to the DNA binding, 307 we continued our characterization, as this insertion may have an adaptive role, such as altering 308 the preference to specific DNA binding motifs.
310
To further confirm twnk-1 as the functional homolog of Twinkle, we attempted to detect the 311 TWNK-1 protein in mitochondria by quantitative liquid chromatography-mass spectrometry of 312 isolated C. elegans mitochondria. We were unable to detect POLG-1 or TWNK-1, suggesting 313 that they exist at levels beneath the detection limits of this method (data not shown). Because of 314 the detection limits, we did not pursue this route of inquiry further. By expressing a TWNK-1 315 tagged with an mRuby fluorophore under a highly expressed all-tissues promoter (sur-5p), we 316 confirmed that the protein localizes to the mitochondria in C. elegans, despite lacking a 317 canonical mitochondrial targeting sequence ( Fig 1D) . 318
319
Loss of twnk-1 does not deplete mitochondrial DNA 320
To functionally investigate the role of twnk-1 in worms, we used RNAi knockdown of twnk-1, as 321 well as a knockout strain from the Vancouver consortium (VC2626 (F46G11.1(ok3198) X)). In 322 this strain, portions of the N-terminal primase region, the entire linker region, and the Walker A 323 nucleotide binding motif of the C-terminal helicase domain have been deleted (Fig S1B) . showing that knockdown of polg-1 and mtss-1 significantly decreased the levels of mtDNA by 340 D5, despite similar mtDNA levels on D1. We also tested the effects of knocking down 341 mitochondrial transcription factor A (TFAM in humans), a key activator of mitochondrial 342 transcription that is also crucial for mtDNA replication and mtDNA copy number. The worm 343 homolog of TFAM, hmg-5, had a similar effect to polg-1 and mtss-1, causing a comparable 344 decrease in mtDNA by D5 (Fig 2A) . However, neither RNAi knockdown or knockout of twnk-1 345 caused loss of mtDNA in mid-adulthood (Fig 2A, 2B) . Furthermore, mtDNA levels of twnk-1 346 mutants and animals treated with twnk-1 RNAi were both higher than the control at D1, and 347 further increased at D5 (Fig 2A, 2B reproduction, or movement in twnk-1 animals relative to wild-type animals ( Fig 3D) . In a 393 reciprocal experiment, knockdown of twnk-1 in ETC complex III mutant, isp-1, and ETC 394 complex II mutant, mev-1, did not have obvious synthetic effects (Fig 3E) . Beyond ETC 395 functions, we hypothesized that oxidative metabolism may be impaired, which would make 396 twnk-1 mutant animals rely more heavily on glycolysis. To investigate whether twnk-1 mutants 397
show this metabolic pattern, we knocked down four genes crucial for glycolysis. twnk-1 mutants 398
showed no gross synthetic effects on development, reproduction, or movement when subject to 399
RNAi knockdown of glucose transmembrane transport gene fgt-1, hexokinase genes hxk-1 and 400 hxk-2, or putative triosephosphate isomerase tpi-1 (Fig 3F, 3G) .
Next, we examined mitochondrial morphology, as it may reflect organelle health. Mitochondria 403 in muscles are the most accessible for imaging in worms: in wild-type animals, they exist in lace-404 like networks through the myocyte. We previously found that overexpressing GFP in 405 mitochondria sensitizes them to fragmentation (unpublished data). Using a strain expressing GFP 406 targeted to mitochondria in muscles, we observed that while mitochondrial networks remained 407 intact in the control, when polg-1 is knocked down or twnk-1 is mutated, the mitochondrial 408 network in a subset of muscle cells is fragmented in a stereotypical stress pattern (Fig 4A) . We conclude that C. elegans is an evolutionary divergence from the typical metazoan mtDNA 535 replisome, having recruited the conserved Twinkle protein to alternative mitochondrial tasks. 536
Finally, we screened dozens of other helicases but were unable to find one that appeared to be 537 functioning as an alternative primary mtDNA replicative helicase. Investigations of additional 538 genes may find a functional homolog of Twinkle in C. elegans, and set the stage for modeling 539 mtDNA diseases in this organism. polg-1 twnk-1 (KO) ** * ** * ** * ** *
